An analysis of maturity data for Georges Bank cod (Gadus morhua) in NAFO Division 5Ze, derived from Canadian 1986-94 spring research surveys, showed a significant decrease in the total length (~4 cm) and age (~0.5 years) of fish at fifty percent maturity, over the nine year period. Differences in mean size-at-age for males and females appeared to occur after the age at which full maturity was achieved, allowing the use of data pooled by sex for estimating maturity ogives by length and age. Maturity ogives, derived from the prefishery survey data, were adjusted for growth and used to estimate commercial landings of immature cod. Results indicated that over 40% by number and 20% by weight of the 1987 catch was of juvenile cod from the 1985 year-class. However, the average 1987-93 catch of juveniles was substantially lower at 15% by number and 6% by weight with a decrease in the latter part of the time series. Estimates based on maturity-at-length and at age gave similar results but length was considered the better estimator.
Introduction
The current stock management zone used by Canada for Georges Bank (Fig. 1 ) cod (Gadus morhua) consists of Canadian Fisheries Statistical unit areas j and m in NAFO Division 5Ze (a zone referred to as 5Zj,m). Definition of this zone is based on analysis of cod tagging data and research survey distribution studies which showed an apparent discontinuity between the eastern and western part of the 5Ze area (Hunt, MS 1989) . The USA considers the management zone to consist of a large area of 5Ze and Subarea 6 (Anon, MS 1994a) . The 5Zj,m zone is bisected by the international maritime boundary, adopted in 1985, into Canadian (5Zc) and USA (5Zu) zones.
A commercial fishery in the 5Zj,m zone is carried out by both Canada and the USA, with each country restricted to their respective side of the international boundary since 1985. Annual evaluations of stock status have been completed by Canada using data from the post-1978 time period (Hunt and Buzeta, MS 1994) .
Mesh size regulations for <65 ft vessels using bottom trawl gear have been in effect for a number of years and these vessels are currently restricted to 145 mm (1993) , 155 mm (1994) diamond or 130 mm square mesh. Use of larger mesh size is presumed to have some conservation effect by limiting catches of small immature fish which have no market value.
The purpose of the present study was to estimate growth parameters and maturity ogives from research survey data and to evaluate annual changes. The derived ogives were used to determine the maturity composition of the stock and spawning stock biomass (SSB) and to estimate catches of juveniles in the commercial fishery.
O'Brien (MS 1990 ) provides a detailed synopsis of life history parameters, including maturity analyses, for the Georges Bank cod stock in the period 1970 -87. O'Brien et al., (1993 report more recent estimates of maturation rates for a number of Georges Bank finfish. However, their analyses used data based on a USA defined maturity schedule and collected in April, after peak spawning has occurred (Burnett et al., MS 1989) .
Methods
Canada has conducted annual stratified random research bottom trawl surveys of the Georges Bank area in February/March since 1986 and samples of cod were obtained for length frequency, age and maturity stage. The survey typically sampled the entire Georges Bank population during the peak of the observed December/April spawning period for Georges Bank cod (Burnett et al., MS 1989) , and maturity stage was considered to be representative of spawning activity of individual cod during the spawning season. This implied that fish assessed to be immature during the survey would not have spawned until a subsequent years' spawning pe- riod. Juvenile fish sampled later in the year, during the commercial fishery, may have shown some evidence of pre-spawning development but would still be considered virgin spawners.
Age and maturity samples were based on a length stratified sample design, with a maximum of three observations per 3 cm interval for each sampled length frequency. Maturity assignment was based on classification into eight stages of which the first was considered immature. Stages 2 through 8 were representative of the annual maturity cycle for sexually mature fish (Appendix I). Approximately 7 600 observations for age and maturity stage were taken over the nine year survey time series (Table  1) .
Assignment to year-class was based on the interpretation of otoliths for estimating the age of individual fish. Protocol for assigning ages is documented by Buzeta et al. (MS 1992) , and they report good precision for both inter-and intra-reader age comparisons.
Sex was initially included as a parameter in the study because of the possibility of sex-specific differences in the onset of maturation. Its impact was assessed by comparing mean size-at-age for males and females, proportion mature-at-length for males and females, and the ratio of males to females in the population. To evaluate sex-specific maturation rates with age as a covariate, regression analysis was used.
Population numbers-at-length were calculated using a stratified random survey design estimator (STRAP), in which the mean catch-per-tow within strata were prorated to stratum area and then aggregated to the total survey area (Smith and Somerton, 1981) . Length frequency data were not recorded by sex, and it was necessary to assume that fish subsampled for detailed observation were representative of the ratio of males to females.
Estimates of maturity at length and age by sex were determined using the 1986-94 research survey data from the 5Zj,m area. Individual cohort estimates were obtained from consecutive surveys. For maturity analysis, only fish in the 25-65 cm length range were included since the data indicated that fish outside of this range were either all immature (<25 cm) or all mature (>65 cm). Use of cutoff points did not result in any significant difference in the estimated regression parameters or derived length (43.10036 cm for the entire data set and 43.10046 for the subset) or age, and avoided the potential influence of precocious smaller fish and sterile larger fish. For each survey the proportion mature-atlength was determined by dividing the number in stages 2-8 by the total number of observations. The proportions immature and mature were prorated to the population numbers using the following algorithm:
where N s,m,j = stratified number mature at length j , This model is consistent with generalized models used for estimating population parameters from two phase sampling designs and conforms to the recommendations of ICES (1994) . The calculations required construction of age/length keys for each of the four male, female, mature and immature combinations, and the resultant four matrices, prorated to the population provided the necessary information to determine maturity-by-sex, -age and -length.
Ogives of maturity-at-length were derived using a logistic model (Ni and Sandeman, 1984; O'Brien et al., 1993; Trippel and Harvey, 1991) Parameter estimates were obtained using the nonlinear regression application of the STAT-GRAPHICS analysis package (©STSC, Inc). Lengths corresponding to fifty percent mature (L 50 ) were derived from the regression coefficients as [-a/b ].
An index of SSB was derived for each survey using the estimated population numbers-at-length of mature females and a length/weight relationship derived from aggregated 1986-94 survey observations. The index of female SSB was estimated as the sum of:
where N = survey abundance of mature females-at-length l for the observed range, w = calculated mean weight-at-length l, and P = percent mature-at-length l.
Canadian landings of Georges Bank cod are sampled for length frequency and age by Port Technicians of the Marine Fish Division stationed at Yarmouth and Lockeport, Nova Scotia. The USA also collects samples of commercial landings but the present analysis was restricted to the Canadian sampling and landings in the fishery. Length frequencies from annual commercial landings were derived using the method described by Hunt and Buzeta (MS 1994) . Length frequencies by gear sector were weighted to reported landings and then combined by gear sectors to provide an annual estimate of catch-at-length.
Maturity observations were generally not taken in routine landings samples since most fish were landed in gutted condition. To evaluate the proportion of immature fish in commercial landings, it was necessary to adjust length for elapsed time between the annual date of the survey and the fishery. A von Bertalanffy growth model, with age in days, was used for this adjustment.
The growth model, survey and fishery dates ((landings × calendar day)/total landings)) were used to adjust length with the following algorithms: A lrv = model predicted age-at-length l in the survey 
This adjustment provided an annual commercial fishery length equivalent to that which would have been observed in the preceding winter survey. The proportion mature at this adjusted length was estimated using length from the survey and annual survey maturity ogives as shown below:
where P im = proportion immature,
proportion mature-at-length l in the survey, and N is the number of fish-at-length ( l + L adj ) in the fishery.
A similar analysis was completed using maturity-at-age applied to commercial landings-at-age from Hunt and Buzeta (MS 1994) . In this approach, the annual proportion mature-at-age from each of the 1986-93 surveys was used to partition the estimated annual landings-at-age. The sum of the immature component was expressed as a proportion of the total number of fish landed
n N a where P im = proportion immature, P a = proportion mature-at-age a in the survey, and N is the number-at-age a in the fishery.
Results
Criteria used to assign maturity stage from macroscopic examination are shown in Appendix I after References.
The calculated mean lengths-at-age for males and females for ages 1-14 in 1987-93 are given in Table 2 . There appeared to be a trend in length-atage between males and females, with the latter generally being larger-at-age. The difference in mean length-at-age for each survey year is shown in Fig.  2 . Estimated von Bertalanffy growth parameters for each sex and year are also given in Table 2 and the resultant predicted values for the 1987-93 mean are shown in Fig. 3 . A t-test between mean length for males and females indicated a significant (at 95% level) effect in all years. An analysis of variance with sex and year as variates (Table 3) indicates that the effect of sex on length-at-age did not become significant until ages 4+, the age at which most fish have reached maturity. The apparent lack of either sex or year effects for ages 7 and 8 was probably due to low sample size and associated high variance for the mean.
The proportion of females in the population by length group is shown in Fig. 4 and the summed proportions are given in Table 4 . Males appeared to dominate at lengths <100 cm but females were more abundant at lengths >100 cm. Females accounted for about 44-54 percent of the total population for 1986-94 with a mean of 49 percent.
Derived maturity ogives by sex and year are summarized in Table 5 . A t-test indicates no significant (at 95% level) difference in the proportion mature-at-length between males and females. A substantial offset for 1987 females appeared to be an artifact of sampling and the high numbers of the 1985 year-class taken at age two as well as an anomalous high proportion of immature females in the 46-50 cm length range. The net effect of these factors was a decrease of the slope of the 1987 ogive, and a shift of the ogive to the right.
Regression analysis of proportion mature-atlength for ages two and three, and sex, was completed with the difference in proportion for males and females at the same age and length within years considered as the dependent variable, and length considered as the independent variable. Results indicated no significant difference from zero in either the intercept or slope estimates for either the individual or the 1986-94 mean values at age two or age three.
Analyses which included sex as a variate indicated no significant differences in the proportion mature-at-length between males and females over the lengths at which first maturity occurs, although the difference in size at ages 4 plus was significant. Since the primary objective of the study was assessment of the onset maturity and that the impact of differing growth rates occurred after sexual maturity, subsequent analysis used data pooled by sex. 
The proportion mature-at-length derived from survey data is shown in Fig. 5 for each of the nine surveys. In general, a small proportion of fish less than 40 cm were mature, about 50% were mature at 43 cm and almost all fish greater than 55 cm were mature. The transition between immature and mature fish occurred over the 30-60 cm length range with a steep slope in the range of 40-50 cm.
Considerable annual variability in the proportion mature-at-length was evident from Fig. 5 , and the annual difference at length from the mean showed some evidence of a temporal trend. The trend was even more evident when expressed as a cumulative difference (Fig. 6 ).
In general, fish matured at smaller lengths in the more recent part of the time series, or conversely the length at 50% maturity (L 50 ) had decreased. Regression coefficients from the logistic model and the derived L 50 values are given in Table 6 , and the resultant curves are shown in Fig. 7 Regression coefficients from the logistic model for maturity-at-age and the derived age at 50% maturity (A 50 ) values are given in Table 7 , and the resultant curves are shown in Fig. 9 . Estimates of A 50 showed a general decrease between 1986 and 1993 with a slight increase in 1994.
Comparison of stage assignment with histological characteristics for females (Sinclair, 1993 ; C. Annand, Marine Fish Division, Department of Fisheries and Oceans, Dartmouth, Nova Scotia, pers. com.) suggested some mis-assessment, particularly between immature and stages two and eight. The latter two stages are at the extremes of the spawning cycle. To assess the impact of excluding these stages, a separate analysis was completed using only stages 3-7 as an indication of mature fish. The effect of excluding stages 2 and 8 for fish <60 cm on the mean proportion mature-at-length is shown in Fig. 10 . The two curves had a similar shape but the L 50 for the subset shifted to the right by about 5 cm. The number of observations in stages 2 and 8 was relatively large in some years (Table 1) , which may be an indication that spawning season was more protracted when the elapsed time between active and resting stages was considered.
Only fish aged two and older showed variability in proportions mature-at-length, and all age one fish were assessed to be immature. As was the case for length alone, the earlier year-classes tend to have a smaller proportion of fish mature-at-age relative to the more recent year-classes. The calculated maturity ogives by year-class are shown in Fig. 11 , and derived parameter estimates are given in Table 8. Linear regression analysis of L 50 on year indicated a significant intercept and slope (r 2 = 0.508) although the error associated with the estimates was high: The proportion mature-at-ages two and three for the 1984-91 year-classes is shown in Fig. 12 . The mean at age two was about 45 percent and about 90 percent at age three. There was a tendency for a higher proportion of age two fish to be mature in recent years and both the 1990 and 1991 yearclasses were about 70% mature at age two.
Comparison of annual and cohort maturity ogives for this study with those reported by O'Brien et al. (MS 1993) indicate substantial differences in the estimates of both L 50 and the shape of the derived maturity ogive. The two ogives, using the mean values from Table 5 and those reported by O'Brien et al. (MS 1993) , are shown in Fig. 13 . Their results indicate a more protracted progression of the onset of maturity as well as a substantial proportion of mature fish less than 30 cm and a lower L 50 . However, the assignment to maturity stage was based on different descriptive criterion for the two studies (cf. O'Brien et al., MS 1993, pg 3).
A length/weight relationship was derived from the pooled survey observations of individual fish length and fish weight using a multiplicative regres- There did not appear to be a strong correlation between recruits at age one, and either the 3+ biomass or the index of female SSB. However, the decline was evident in 3+ biomass and the index since 1990 tracked the decline in recruitment. Further analysis of a stock recruitment relation was considered to be useful.
Comparison of commercial landings-at-length with the February/March survey indicated a very similar distribution with about 10 cm offset, which Using these parameters, age at a length of 31 cm for example, in the survey was estimated to be 429.72 days. The elapsed time between the mean survey date and fishery date, in 1986, was = 146.5 days (i.e. 214-67.5, from Tables 1 and 9 ). The commercial fishery length equivalent of 31 cm surveycaught fish was the length predicted 36.21 cm at an age of 576.22 days (i.e. 429.72 + 146.5 from Tables 1 and 9 ). In this example, the net growth between the survey and the fishery was 5.21 cm and ranged from about 7 cm and <1 cm for the minimum and maximum lengths, respectively.
The proportion of immature fish in commercial landings ranged from about 5% in 1993 to about 43% in 1987 by number, and generally less than was assumed to represent growth in the March-July time period. Assuming that the majority of growth occurs in the second and third quarter, when the bulk of the commercial fishery takes place, then these results are consistent with length-at-age given in Hunt and Buzeta (MS 1994) . They report annual increases of about 10 cm between age one and two and age two and three, and essentially a linear growth rate between 40 and 70 cm. 5% by weight with the exception of 1987 when about 22% of the landed weight was immature fish of the 1985 year-class. Results for 1986-93 are summarized in Table 9 and the two extremes for percent of immature fish (1987 and 1993) are shown in Fig. 14.
Application of maturity-at-age to the landingsat-age resulted in similar estimates for the percent of immature fish when compared to those derived from length. Results are given in Table 9 , and ranged from 45% in 1987 to about 3% in 1993, and there appeared to be no trend in the difference between the length-based and age-based estimates.
At-sea sampling of the Georges Bank cod fishery for 1992 resulted in 268 samples and over 18 000 fish measured for length frequency from mobile and fixed gear catches. Only ten samples of discards were collected consisting of 105 length measurements. No discard samples were taken from fixed gear catches. The low observed numbers of discards indicated that samples of landings were representative of catches.
Discussion
In the past it has been assumed that mean length-at-age was similar for male and female cod, and therefore sampling designs do not incorporate a sex-specific factor. Observations from this study suggest that there is a significant difference in length at age 4+ between sexes, and annual estimates had significantly higher mean lengths-at-age for females compared to males. These results are consistent with those reported by O'Brien (MS 1990) and she also concluded that some year-class differences exist for the Georges Bank cod stock.
The use of the logistic model on the data to describe proportion mature in this study appeared to be appropriate. Trippel and Harvey (1991) describe a number of potential models for estimating the proportion of a population mature and conclude that, for a population with Type I (their classification) onset of maturity, a probit or logistic curve was the most appropriate. In this study the cod appeared Fig. 9 . Annual ogives for maturity-at-age by survey year. appeared to coincide. The annual proportion of females of the mature part of the stock was less than 50% on average overall, but was closer to 65% for that part of the population at lengths in excess of 100 cm.
Correct assignment to maturity stage or classification as immature or mature is of obvious critical importance to investigation of maturation rates. The high number of stages at the extremes of the maturation cycle (stages 2 and 8) during a time when peak spawning activity was thought to occur may be an indication of either incorrect assignment or a protracted spawning season. Exclusion of these stages from the analysis resulted in a substantial shift in the values for L 50 and for A 50 but had no apparent impact on the observed trend over time. Results of a study by Annand (C. Annand, Marine Fish Division, Department of Fisheries and Oceans, Dartmouth, Nova Scotia, pers. comm), have indicated a bias in assignment of maturity stage between immature and mature fish with macroscopic examination resulting in a higher proportion of mature fish compared to histological classification. For example, her results for the 1992 survey estimated to conform to Type I in which onset of maturity occurs over either a narrow length or age range. Chen and Paloheima (1994) also report on the appropriateness of a logistic curve for describing maturation rates.
Considerable annual variability existed in the estimates of proportion mature-at-length for males and females. However, there did not appear to be a significant difference between males and females, and the 1987-93 mean maturity ogives for the sexes Proportion Mature Year class 32% mature for fish 35-55 cm (n = 87) based on histological classification compared to 82% based on macroscopic classification. This would imply that the L 50 values derived in this study from macroscopic maturity assignment may be an overestimate.
There are a number of potential reasons for the difference in estimates of maturity found in this study and those reported by O'Brien et al. (MS 1993) . These include the description and assignment of maturity stage, geographic distribution of samples and the time of collection. The mean calendar day for the Canadian surveys used in this study was 61 compared to 96 used in the USA surveys. As noted above, the timing of the Canadian survey coincides with peak spawning activity, and maturity stages should indicate spawning activity for the year sampled. The USA survey generally takes place after peak spawning and could therefore represent probable maturity in the next spawning season. However, it seems unlikely that fish as-sessed as immature in the Canadian surveys would have progressed to an apparent mature condition thirty days later and well in advance of the next spawning season. The apparent smaller L 50 for Gulf of Maine cod reported by O'Brien et al. (MS 1993) could also be a factor if a substantial proportion of their samples were collected in the area adjacent to the Gulf of Maine where mixing of the two stocks could influence results. The possible misassignment of mature fish as immature noted above would produce even more divergent results between the two studies.
The significant temporal trend in both the L 50 and the A 50 for maturity data, combined by sexes may be a response to high exploitation rates on the stock. Hunt and Buzeta (MS 1994) report fishing mortalities in excess of twice the F 0.1 = 0.2 reference level for the stock over the 1978-94 time period. Based on O'Brien's (MS 1990 ) work, the temporal trend extends back in time and probably started in the early-1980s. Beacham (1983 Beacham ( , 1987 also reported a decline in size and age of 50% maturity for cod on the Scotian Shelf and concluded that exploitation rates could be one of the factors in the decline, although Halliday (1987) questioned the validity of the analysis.
The two alternatives for estimating the maturity composition of a population, length or age, produce similar results. However, there are assumptions and potential biases associated with each. To adjust for growth in length between the time of observing maturity (the survey) and the time at which the derived ogive is applied to the population (the fishery) requires incorporation of a growth model. Use of the age-based ogive assumes that the mix of immature and mature fish-at-age remains constant between the time of the survey and commercial fishery. It also requires application of age keys to both the survey and commercial fishery length data and therefore introduces additional ageing-related error in the estimates. These concerns about maturity-at-age were noted by the Workshop on Sampling Strategies for Age and Maturity (Anon., MS 1994b) as was the generally accepted stronger influence of length rather than age on attaining sexual maturity. The almost knife-edge selection for maturityat-age seen in this cod stock also implies the need for very precise estimation of the ogive and gives further support to use of length based analyses.
Substantial differences exist in the proportion at length landed between fixed and mobile fishing gears in the Georges Bank cod fishery. In 1992, close to 80% of all otter trawl landings were of cod less than 60 cm in length and essentially all fish caught and landed exceeded a minimum landed size of 43 cm. This would imply that a conservation goal of avoiding capture and fishing mortality on undersize fish is being achieved in the Georges Bank commercial fisher y. Present management regulations aimed at reducing or eliminating the capture and landing of fish less than a defined minimum size through mesh size control, seem to be effective and the use of large mesh size (145 mm) as well as "square" mesh have been generally accepted by industry as an effective way of avoiding catches of small fish. However, a relatively high proportion of "legal" size fish are immature and their capture results in reduced spawning potential for recruiting year-classes. The possible under estimate of L 50 noted above would also under estimate the catches of immature fish. If a conservation goal was to allow each recruit to spawn at least once prior to being subject to exploitation, then this goal appears not to be met in the Georges Bank cod fishery under existing harvest strategies.
The decline in percent of immature fish in landings for recent years may be a result of more widespread use of larger and square mesh and an increase in the minimum size retained by the net. However, it was apparent from Table 7 that exploitation of recruiting year-classes can be substantial. The 1985 The and 1990 year-classes were above the recent average (Hunt and Buzeta, MS 1994) but high numbers of immature fish from these yearclasses were caught. To further reduce the capture of immature fish would require a substantial increase in mesh size for mobile gear if fish less than about 50 cm are to be avoided.
Alternative measures to reduce capture of immature fish, such as closure of nursery areas, require detailed knowledge of distribution by maturity. The present distribution of fishing effort in the Georges Bank fishery indicates several areas of dense aggregation along the northeast and northern edges of the Bank. It is probably unlikely, given the expected resolution of distribution at size data, that closure of areas could be sufficiently selective to allow harvest of only mature fish.
An additional consideration in development of conservation measures through harvesting strategies is the mixed species nature of the Georges Bank fishery. Typically, both cod and haddock are taken by the same vessels. Anecdotal information suggests the two species may be separated at some times of the year by preferred depth but generally mixing is extensive. The impact of changes in harvesting strategy for one species would require assessment of the impact (positive, negative or nil) on the other species.
Rebuilding for this stock will be highly dependent on recruitment and the contribution of first time spawners, because of the present low stock biomass and small age range (Hunt and Buzeta, 1994) . Trippel et al. (1995) note that reproductive success of cod is related to both the size and age of first maturity and the age structure of the mature component of the population which may be a further concern for the Georges Bank cod population.
